Abstract: From electromotive force measurements with surfactant and halide ion-selective electrodes, we obtained the degree of counterion binding (b) of dodecylpyridinium bromide (DPB) and iodide (DPI) and tetradecylpyridinium bromide (TPB) micelles in aqueous sodium halide solutions with concentrations of 0 -20 mM. Under a geometrical consideration the micelle shapes and the surface densities of head group (s 1 ) of these micelles were deduced from aggregation numbers evaluated from their relationships to the added salt concentration previously reported. The spherical micelles of TPB having the shape of an oblate ellipsoid had a constant b, 0.76, independently of s 1 . In the case of the spherical micelles of DPB, b was found to be 0.79 for sphere-shaped micelles and 0.82 for ellipsoidal ones. For DPI we obtained b values of 0.84 and 0.99 for the spherical micelles with the shape of an oblate ellipsoid and the rodlike micelles, respectively. From these dependences of b on micelle shape and s 1 , we conclude that b of micelles investigated increases in the order of sphere-shaped < oblately ellipsoidal < rodlike micelles but is independent of the micelle size unless the micelle shape changes.
Introduction
When ionic surfactant molecules associate into a micelle through the hydrophobic interaction of their alkyl tails, an electrostatic repulsion among their charged head groups act against their aggregation, but it is almost screened by counterion binding to the micelle. Therefore, the counterion binding is thought to be one of factors determining the size and shape of micelle (1) .
It is well known that the aggregation number of ionic micelle increases with a concentration of added simple salt, such as NaCl and KBr, and a double logarithmic plot of critical micelle concentration (CMC) against the CMC plus salt concentration, what is called the CorrinHarkins plot, is linear as long as the salt-induced sphere-rod transition does not occur (2) . Since the degree of counterion binding (b) can be evaluated from the slope of this plot (3) (4) (5) , b is thought independent of the salt concentration and, therefore, the aggregation number for spherical micelles having the shapes of a sphere and an ellipsoid with an axial ratio near to unity. Other methods also give b independent of the salt concentration for spherical micelles. For example, a constant b of dodecylpyridinium chloride micelle has been obtained in 0 -20 mM NaCl solutions from electromotive force (emf) measurements with ion-selective electrodes (6) . The recent small-angle neutron-scattering (SANS) study by Aswal and Goyal has shown that b of spherical micelles of hexadecyltrimethylammonium chloride is constant in 20 -100 mM KCl solutions (7) . However, they have also reported that b of spherical micelle of hexadecyltrimethylammonium bromide (CTAB), which is known to undergo the salt-induced sphere-rod transition at 0.1 M KBr (8) , increases from 0.77 in water to 0.83 in 20 mM KBr solution. The dependence of b of spherical CTAB micelle on KBr concentration has also been reported by Quirion and Magid (9) , although it is in the opposite direction to that of Aswal and Goyal. The addition of simple salt possibly changes b of spherical micelle of ionic surfactant that can undergo the sphere-rod transition.
b of rodlike micelle is thought larger than that of spherical one, because charged head groups must come closer together in the former according to a geometrical consideration. Quirion and Magid have shown that b of CTAB micelle increases from 0.81 for the spherical micelle to 0.90 for the rodlike one around 0.2 mol kg 1 CTAB, at which the CTAB micelle undergoes the sphere-rod transition induced by its own concentration, based on SANS data (9) . But they could not observe the change of b accompanying the salt-induced sphererod transition because of difficulty to measure the degree of counterion binding in salt solutions with high concentrations.
Fujio and Ikeda have reported that dodecylpyridinium bromide (DPB) micelle remains spherical in the presence of NaBr up to its saturation (10), while dodecylpyridinium iodide (DPI) micelle undergoes the saltinduced sphere-rod transition at 0.007 M NaI (11), which concentration is enough low for ion-selective electrodes to be used in order to measure the degree of counterion binding of the rodlike micelle. For tetradecylpyridinium bromide (TPB) micelle that undergoes the sphere-rod transition at 0.19 M NaBr (12), Palepu et al. (13) have evaluated its b value decreasing from 0.79 at 0.1 mM NaBr to 0.74 at 10mM NaBr from emf data based on the charged phase separation model (6, 14) , although they have not discussed this result because their interest was a comparison among four different methods evaluating b and in the method which they concluded best a constant b was obtained.
In the present work, we measured the degree of counterion binding of DPB, TPB and DPI micelles in 0 -20 mM sodium halide solutions using surfactant ion-and halide ion-selective electrodes in order to investigate the relation of b to the shape and size of micelle, particularly to ascertain whether there is the difference in the relation of b to micelle size between spherical micelles of DPB that can form only spherical micelles and TPB that can also form rodlike micelles and to evaluate the change in b accompanying the salt-induced sphere-rod transition of DPI micelle. (11) .
Reagent grade sodium bromide and iodide were ignited for 2 h before use. Water was redistilled from alkaline KMnO 4 . All other reagents were used without any purification.
Electromotive Force Measurements
The alkylpyridinium ion (AP + )-selective electrodes were constructed according to the references (16, 17) as follows. 0.5 g of poly(vinyl chloride) and 1.5 g of di-2-ethylhexyl phthalate were dissolved into 6 ml of tetrahydrofuran solution of 0.1 mM surfactant to be measured at 45 . The solution was poured onto a 9-cm diameter Petri's dish with a cover and tetrahydrofuran was allowed to evaporate slowly at room temperature. The resulting AP + -selective PVC membrane was fixed to one end of PVC tube with 13 mm inner diameter by using a tetrahydrofuran solution of PVC as an adhesive.
In order to measure the activities of surfactant monomer in various solutions the following cell was constructed.
Reference Reference electrode (Ag-AgCl) | 3 M KCl agar bridge | Test solution (surfactant; C, sodium halide; C S ) | halide ion-selective electrode The bromide ion-(BR-125) and the iodide ion-selective electrodes (I-125) and the reference electrodes of double-junction type (HS-305D) were purchased from TOA Electronics Ltd. The bromide ion-and the iodide ion-selective electrodes were calibrated with aqueous NaBr and NaI solutions, respectively, before measurements. The semilogarithmic plot of emf against salt concentration gave a straight line down to 0.2 mM with a slope of 59.0 mV for the bromide ion electrode and down to 0.07 mM with a 60.8-mV slope for the iodide ion electrode.
All emf measurements were performed at 25 0.1 to a precision of 0.1 mV with TOA Digital pH meter HM-70V. During the measurement the test solution was stirred at a constant speed of 800 rpm with a magnetic stirrer. The concentration of the test solution was changed by adding a known amount of concentrated solution to the initial solution of 30 cm 3 using a Gilmont micrometer burette. New AP + -selective electrode was used for each series of experiments at a given salt concentration. Figure 1 shows the electromotive force (E + ) of the cell I as a function of the logarithm of DPB concentration (C) in the absence and presence of NaBr. At lower surfactant concentrations these plots are linear with slopes of 56.44 -57.93 mV, indicating that the DP + ionselective electrode exhibits the Nernstian response to DP + ion. At higher surfactant concentrations, however, E + decreases monotonously with increasing surfactant concentration due to the micelle formation. The break point in this figure, which divides these surfactant concentration regimes, corresponds to the critical micelle concentration (C 0 ) at a given NaBr concentration (C S ). In contrast, the emf (E ) of the cell II decreases monotonously over a whole range of surfactant concentration, although the break point is observed around the CMC, as shown in Fig. 2 . These dependences of the emf's of surfactant ion-and counterion-selective electrodes on surfactant concentration have been observed generally for various ionic surfactants (3, 6, 13, 14) . E + E , which is a measure of the mean ionic activity, is plotted against the logarithm of DPB concentration in Fig. 3 . In contrast to the E + and E vs. log C plots, this plot gives a straight line above the CMC. Its slope (K) decreases and approaches zero with increasing NaBr concentration, as shown in Table 1 . This result indicates that the mean ionic activity of DPB increases, though slightly, with increasing DPB concentration even above the CMC but its increase rate is suppressed by the addition of salt, as in the cases of other ionic surfactants (3, 6, 13, 14) . Since the plot also gives a straight line below the CMC unless the surfactant concentration is much lower than the CMC, we determined the CMC from the point where two straight lines at higher and lower surfactant concentrations intersect. The values of CMC at several salt concentrations are summarized in Table 1 .
Results

1 The Degrees of Counterion Binding of DPB and TPB Spherical Micelles
According to the charged phase separation model, the following relation should hold between ionic activities of surfactant ion (a ) and counterion (a ) (3, 4) : the emf divided by the Nernst slope (S) equals the logarithm of ionic activity, taking logarithms of both sides of Eq. (1) it follows that (6)
(2) Figure 4 shows that the plots corresponding to the above equation give straight lines, where the slopes (S and S ) of the plots below the CMC in Figs. 1 and 2 were used instead of S and S, respectively. This result indicates that the charged phase separation model is valid for DPB micelles in aqueous NaBr solutions and that b, i.e. the slope, is independent of DPB concentration in the concentration range studied. As shown in Table 1 , b seems to increase slightly with increasing salt concentration, although in consideration of experimental error ( 0.02) it may have to be concluded that b is 0.80 0.02 independent of NaBr concentration. Our b value, 0.79, at 0 -5 mM NaBr is the same as one, perhaps in 0.1 mM NaBr solution though not described clearly, reported by Wan-Badhi et al. (18) .
For TPB the similar plots of E , E and E E against log C were also obtained, though not shown. Values of C 0 and K determined from the break point of the E E vs. log C plot, given in Table 2 , decrease with increasing salt concentration as for DPB-NaBr systems. As shown in Fig. 5 , the E /S vs. E /S plots also give straight lines, whose slopes lead to the values of b summarized in Table 2 . In contrast to the case of DPB, b of TPB spherical micelle is a constant, 0.76 0.01, independent of NaBr concentration. Palepu et al. (13) have reported a small decrease in b from 0.79 at 0.1 mM NaBr to 0.74 at 10 mM NaBr based on the charged phase separation model, but their b values at other NaBr concentrations, 1 and 5 mM, are 0.76 and the averaged value of them agrees with our result.
2 The Degrees of Counterion Binding of
Spherical and Rodlike Micelles of DPI The same dependence of E + on surfactant concentration was observed for DPI-NaI systems as for DPB and TPB. However, the E vs. log C plot differs from ones for the above surfactants and gives a complicated curve depending on NaI concentration, as shown in Fig. 6 . Particularly at lower surfactant concentrations than the CMC, the measured E is much lower than the one predicted from iodide ion concentration, i.e. C + C S , by using a calibration curve (the dashed line in the figure) made with aqueous NaI solutions. This lowered E is attributed to the adsorption of DPI to the surface of Iselective electrode, as confirmed by the observation that the electrode surface was yellowed with the color of DPI after the emf measurement. In this case, therefore, the same analysis as the above-mentioned one could not be used.
Then we determined the CMC from the break point of the E vs. log C plot, like Fig. 1 , and roughly estimated b using the calibration curve as follows: above the CMC the concentration of free iodide ion (C ) obtained from the measured E with the calibration curve can be written as in Table 3 with the CMC's determined from the E + vs. log C plot. The correct values of b are expected to be slightly smaller than the values in Table 3 , because the b values of DPB micelles evaluated in the same manner are smaller than the values in Table 1 by 0 -0.02. On the other hand, the C vs. C C 0 plot is not linear at 10 and 20 mM NaI, where rodlike micelles of DPI are formed (11) . Particularly near the CMC, C decreases to a minimum and then increases as the surfactant concentration increases. The cause could be that the adsorbed amount of DPI is not saturated yet at the CMC but increases for a while since the surfactant concentration has exceeded the CMC. Since C could vary with the DPI concentration following Eq. (3) at enough high surfactant concentrations for the adsorbed amount of DPI to be saturated, we determined b from the slope of straight line between experimental points at two highest DPI concentrations. 
Discussion
An addition of salt increases an aggregation number of ionic surfactant micelle. The aggregation numbers (m) of DPB, TPB and DPI micelles can be evaluated at each salt concentration (C S ), because the relationships between m and C S for these surfactants have been given in the form of (10) (11) (12) log mM 1 = A log (C 0 + C S ) + B (4) where M 1 is the molecular weight of surfactant and A and B are constants determined by surfactant species and micelle shape, i.e. spherical or rodlike. The evaluated values of m are summarized in Tables 1-3 , where only DPI micelles at 10 and 20 mM NaI are rodlike and all other micelles are spherical.
Based on a geometrical consideration (22) the increase in m results in the decrease of micelle surface area per surfactant molecule (s), the reciprocal of which is the surface density of head group and is thought to be related to b. According to Tartar (23) and Tanford (22) , the surface area per surfactant molecule can be calculated from the aggregation number. Dodecyl group has a fully extended length (l max ) of 1.542 nm and a volume (v) of 0.3233 nm 3 in a micelle core, and for tetradecyl group l max = 1.795 nm and v = 0.3771 nm 3 . Since a micelle core volume is given by mv, the total surface area of micelle core (S) and, therefore, s defined as S/m can be calculated on the assumption of the shape of micelle core. DPB micelles at 0 -5 mM NaBr and the other spherical micelles are deduced to be sphereshaped and oblately ellipsoidal with axial ratios slightly larger than unity, respectively, because the maximum aggregation number of a sphere-shaped micelle (m s , max ) is estimated from l max and v to be 47.50 for dodecyl derivatives and 64.19 for tetradecyl ones. This deduction is not inconsistent with conclusions of previous studies (10) (11) (12) , where both micelles having shapes of a a The aggregation numbers are estimated by Eqs. (12) and (13) in ref. (11) . Tables 1-3 . Figure 8 shows the dependence of b on s 1 that is the surface density of head group. For spherical micelles of TPB, whose shapes are deduced to be oblate ellipsoids with axial ratios of 1.11 -1.22 from their aggregation number, the degree of counterion binding remains constant, no matter that the surface density of head group increases from 1.69 to 1.79 nm 2 with increasing NaBr concentration.
On the other hand, b of DPB spherical micelle increases stepwise at s 1 = 1.59 nm 2 that corresponds to m s , max . DPB micelles having the aggregation number larger than m s, max are oblate ellipsoids with axial ratios of 1.02 -1.04 as TPB micelles, so that their b values are concluded constant, too. The cause that b of DPB having the smaller s 1 is larger than that of TPB by 0.06 is left unsolved. The other DPB micelles thought sphereshaped also have a constant b smaller than the former by 0.03. This would be supported by the result of Maeda and Satake (6) that dodecylpyridinium chloride micelles in 0 -20 mM NaCl solutions, whose aggregation numbers are smaller than m s , max (24) , have a constant b of 0.70. DPI micelles at 0 and 5 mM NaI are deduced from their aggregation number to have the shape of an oblate ellipsoid with an axial ratio of 1.26 and 1.36, respectively. Taking into consideration the above discussion on the other surfactants and the experimental errors, therefore, we conclude that their b values are constant, 0.84 0.06. At the threshold NaI concentration of the sphere-rod transition, 7 mM (11), the s 1 value of DPI spherical micelle is estimated to be 1.94 nm 2 , to which a solid line is drawn in Fig. 8 .
Rodlike micelles of DPI at 10 and 20 mM NaI, the length of whose cylindrical part is estimated to be 3.9 and 14.2 nm, respectively, have a constant b of 0.99 larger than that of spherical micelles by 0.15. This increase in b due to the salt-induced sphere-rod transition is larger than that, 0.09, due to the concentrationinduced sphere-rod transition for hexadecyltrimethylammonium bromide (CTAB) micelles in aqueous NaBr solutions reported by Quirion and Magid (9) using SANS data. Since it can be concluded from our results that the degree of counterion binding depends on only the micelle shape and is independent of the micelle size as long as the micelle shape does not change, this disagreement between the increases in b of DPI and CTAB would be attributed to differences of head group and/or method for evaluating b.
The difference (Db = b C b S ) between the b values of cylindrical (b C ) and hemispherical parts (b S ) of the rodlike micelle of hexadecylpyridinium bromide have been deduced to be 0.05 from light scattering experiments by Porte and Appell (25) and 0.035 from viscosity measurements by Kohler and Strnad (26) . If b S would equal b of spherical micelle, however, the predicted difference in b between spherical and rodlike micelles is too small in comparison with our result. Consequently, the b value of hemispherical part of rodlike micelle would be larger than that of spherical micelle by about 0.1.
Conclusion
The degrees of counterion binding of DPB, TPB and DPI micelles were obtained as a function of C S from the emf measurements with surfactant and halide ion-selective electrodes. The effect of added salt was transformed to the surface density of head group reflecting the micelle size and shape by using the aggregation number evaluated from the relationship between m and C S previously reported and the micelle shape deduced from m under the geometrical consideration. dependence of b on the micelle shape and s 1 , shown in Fig. 8 , we conclude that b of micelles investigated increases in the order of sphere-shaped < oblately ellipsoidal < rodlike micelles but is independent of the micelle size unless the micelle shape changes.
